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Introduction
Bonding is an assembly method widely used in nautical and aeronautical industries, as well as in car manufacturing and construction [1] [2] [3] [4] [5] . However, the adhesion between an adhesive and the substrate is yet to be fully understood: this lack of understanding continues to be a major obstacle to the use of adhesive bonding technology in critical systems.
On the one hand, the industry is determined to be able to replace mechanical assemblies with adhesive-bonded ones in order to lighten the structures and on the other hand mixed assemblies (screwed/ adhesive-bonded) have been developed and studied [6] . Whatever the chosen (bonded or mixed structures) is, a wide range of tests has been developed in view of providing tools for measuring the adherence of adhesives. Each test has several objectives: to overcome the shortcomings of others (parasite stress, edge effects), to introduce new load types (single mode or mixed modes), to test thin films or complete bonded structures, etc. [7] [8] [9] , with the view of obtaining a criterion which allows the adhesion to be defined. This determination can be carried out in two ways: by initiating an adhesive failure or by propagating adhesive failure. However, failure initiation has not been studied much since both its nature (adhesive or cohesive) and its location remain difficult to determine [10] .
In an adhesively bonded joint, three major modes of failure exist: a ⁎ Corresponding author.
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cohesive failure within the adhesive layer, which corresponds to the ultimate strength of the adhesive itself and an adhesive failure when the adherence between the adhesive and the substrate is weaker than the cohesive strength of the adhesive. The third one is a cohesive failure within the substrate itself and it is very unusual when the substrate is metallic. The objective of this work is to characterise the adherence between the adhesive and the substrate surface, when it is weaker than the cohesion of the adhesive itself, leading to an adhesive failure. Most of tests found in literature are based on fracture mechanics or crack propagation in the mode I, II and III, for both adhesive and cohesive failure characterisation. Our objective is to evaluate a test procedure which enables us to determine and localise the initiation of the adhesive failure.
In industry, the tests which are widely used to characterise adherence are the butt joint (pull-off) and the single lap shear (ISO 6 922:1987 and ISO 4 587:2003 respectively) as well as their variations. The results of these tests are used to compare bonded specimens when exposed to tensile and shear stress. However, the single lap shear test exhibits a complex, three-dimensional state of stress distribution which is difficult to model [11] [12] [13] . Similar observations were made with the butt joint. Furthermore, the location of the failure initiation is difficult to establish in the two tests [5, 10] . The ARCAN test was initially designed for composites, in view of obtaining uniform flat stresses, free of three-dimensional parasite stress [14] . The test was then adapted to structural bonded assemblies in order to study their behaviour when exposed to uniaxial and multiaxial stresses [15, 16] . But, as with the previous tests, it does not allow the location of the failure initiation.
The present study is dedicated to the initiation of adhesive failure in order to determine the adherence of epoxy-based adhesives on aluminum substrates. Consequently, the 3-point bending test was selected because it systematically relies on initiation of adhesive failure initiation [17] . The 3-point bending test was developed by Roche et al. [18] in the 90s and has been standardised [19] . Nevertheless, this test is still dependent on the thickness of the substrate used. Here, aluminum 2024 is used for the purposes of the test (frequently used in aeronautics) in two different thicknesses, with two types of adhesive: the first one is a mixture of pre-polymers, DGEBA (bisphenol A diglycidyl ether) and DETA amine (diethylenetriamine), whereas the second is a formulated polyepoxide, ELECOLIT 6604. Acetone, hydrochloric acid and aminopropyltriethoxysilane were used to pre-treat the substrates. Acid attack can be used to create a new layer of oxide on the aluminum substrate surface [20] , whereas silane grafting can be used to create covalent interfacial links to promote the adhesion [21, 22] .
The objective of this work is to grade systems (adherend/adhesive/ surface treatment) based on results obtained with the 3-point bending test [3] as well as to assess the effects of substrate thickness with this test. The purpose is to be able to compare the intrinsic adherence of systems, whatever the thicknesses of components are, and also to get a better understanding of the mechanics of this test.
Materials and methods

Materials
The metallic substrate used is laminated aluminum 2024 T3 (bulk composition: Al: 93.5% Cu: 4.5% Mg: 1.5% Mn: 0.5%), 1.6 mm thick, supplied by GOODFELLOW, and 1 mm thick, supplied by KAISER Aluminum. The standard recommendation for 2024 alloy substrates is 1.5 mm.
Two polyepoxide adhesives were used in the study. The first one is a bisphenol A diglycidyl ether pre-polymer (DGEBA) referred to as DER332, supplied by DOW chemical, used with diethylenetriamine (DETA) as a hardener, supplied by SIGMA-ALDRICH. The mix of epoxy monomer and amine is made in stoichiometric proportions, calculated based on the functionalities of DETA amine (f=5) and DGEBA epoxy (f=2). The second one is a single-part epoxy, formulated for industry, referred to as ELECOLIT 6604 (supplied by PANACOL, Germany).
Pure Acetone, hydrochloric acid in a 37% concentration and 3-aminopropyltriethoxysilane (> 99% pure), supplied by SIGMA-ALDRICH, were also used to clean and treat the surface, as described in the following section.
Samples and preparation
The samples used are dimensioned and manufactured in accordance with ISO 14 679-1997 [19] , as seen in Fig. 1 .
They consist of an aluminum plate, with a cube of adhesive on the plate. Aluminum plates are cut using a punch, ensuring that the produced cuttings are of equal dimensions, 50×10 mm ± 0.10 mm, as mentioned in the standard. Three surface treatments were studied for aluminum in order to vary the degree of adhesion:
1. Degreasing: aluminum plates were immersed in an ultrasound acetone bath for 5 minutes then dried in ambient air. 2. Hydrochloric acid (HCl) stripping: aluminum plates which were submitted to degreasing, as described, are then immersed in 3.7% concentrated hydrochloric acid solution for 5 minutes. The plates are then rinsed with de-ionized water and dried in ambient air. 3. Treatment with 3-aminopropyltriethoxysilane (silane): the plates submitted to the two treatments already described are finally immersed in a 1% silane water solution for 24 h. The plates are then rinsed with de-ionized water and dried at 60°C.
These treatments were selected based on their quality: acetone degreasing was applied to clean the surface, removing a part of the surface organic pollution, whereas the stripping with hydrochloric acid attacked the oxide surface, creating a new passivation layer [20] and eliminating surface pollution. Finally, silane treatments, which are known for their adhesion promoting qualities, were used to establish genuine covalent bridging between the substrate surface, constituting a hydroxyl group, and the polyepoxides [21, 22] .
Application of the DGEBA-DETA mix or ELECOLIT is carried out using a 0.5 ml syringe, in conformity with the volume details provided in Fig. 1 . During the application, particular attention was given to avoid any bubbles in the polymer cube, especially at the substrate/polymer interface. This key point was verified by checking the failure facies after each 3-point bending test. For that purpose, an initial interface wetting with a small amount of the chosen adhesive was carried out before adding the remainder of the 0.5 ml. The parallelepiped form of the adhesive is obtained using a silicone mould designed for this purpose. The parallelepiped shape of adhesive will be simply referred to as "adhesive cube", or "epoxy block" in the following work. The mould is pressed onto the aluminum plates by clamping two aluminum plates together in accordance with the ISO 14 679-1997 standard (Fig. 2  [19] ). The standard recommends the following error in the cube size:
The DGEBA/DETA (two-part) mix is produced manually at room temperature for 5 minutes until homogeneity is achieved, and applied immediately to produce adhesive cubes. The single-component polyep- oxide ELECOLIT is kept at a temperature of approximately 3°C: in such a state, ELECOLIT is highly viscous and cannot be used to produce adhesive cubes. Consequently, its temperature needs to be raised to 80°C to reduce viscosity in order to produce adhesive cubes. The curing cycle of polyepoxides is illustrated in Fig. 3 . The cooling rate is low enough to avoid any thermal stress. Residual stresses exist. They are considered to be the same for all the studied surface treatments. The formed thermosets have onset glass transition temperature of 115°C and 136°C for the ELECOLIT and DGEBA/DETA respectively. Their measured Young's moduli are 1.8 GPa and 3 GPa respectively. It should be noted that the curing cycle of the DGEBA/DETA polyepoxide begins with 3 h at room temperature, allowing for the creation of a reproducible interphase [23, 24] , with its own glass transition temperature and Young's modulus. This interphase has its own adherence (which is our measured adherence). However, as the volume of this interphase is far smaller than 10% of the volume of the polymer cube, the modification of its mechanical properties (Young's modulus) won't be taken into account in the calculations of Section 3. Series of 12 samples were realized whereas the standard recommendation is at least 6 samples.
Instrumentation
Mechanical testing was conducted using an INSTRON tensile machine (model 3367, INSTRON SA, Buc, France, Fig. 4 ) equipped with a 3-point bending system and a 500 N load sensor, with an error margin of ± 0.1 N. The distance between supporting pins is 35 mm and the speed of test is 0.5 mm/min: when displacement is enforced, the response in force is measured. The standard prescribes a distance of 33 mm between supporting pins; however, this machine has a large bending radius (see Fig. 4(b) ), which makes it impossible to carry out tests with this distance between supporting pins. Force/displacement curves are recorded using the BLUEHILL software (from INSTRON).
However, as the measured distances were very small (lower than 500 µm), the machine displacement does not completely match the actual accurate displacement of the samples, due to the stiffness of the machine, and load cell bending. In order to measure the actual displacement, an optical monitoring system was set up: it consists of a CANON EOS 7D® camera fitted with a macro lens MP-E 65 mm ( Fig. 4(a) ). A white speck was placed on a black background on the side of the samples, creating a monitoring point that allows any displacement during the testing to be recorded (Fig. 4(c) ). A single shot was taken once every three seconds, starting from the beginning of the test. Photographs were then processed with the IMAGEJ software (public domain, Java-based image processing program). Finally, the displacement of samples on the photos was correlated with the testing force, creating the force/displacement curves. The error margin for displacement measurement using the optical system was estimated to be ± 3 µ m from the Fig. 4 (c). The standard recommended an error of 1 µm which seems to be impossible to achieve. The error in correlation between the data measured and force was estimated to be 0.3 N, due to possible delay between the start of the tensile test and the beginning of the series of images taken by the camera.
The flexure measured with the optical system is correlated with the load measured using the machine software (Fig. 5) . The measurement error is not indicated on the Fig. 5 , since it is smaller than the size of a single unit ( ± 0.4 N and ± 3 µm, which cannot be represented on the Fig. 5 ), on both the load and the deflection scale. The correctness of the deflection measurements made using images analyse was checked through the linearity of the resulting curve (r 2 =0.98). The Scanning Electron Microscope analyses (SEM) were carried out on a TESCAN device (model: VEGA 3, TESCAN, Czech Republic) , Courtaboeuf, France.) Imaging mode was used and the resolution was 6.25 mm pixel size. Infra-red spectra were recorded in the 4000-7800 cm −1 range using a Dual mode Detector that is near infra-red with 16 scans.
Results and discussions
Post-mortem analysis of the samples
According to the ISO standard, the trend of the testing curve should have the following profile:
• An increase in the load.
• A drop in the load, indicating adherence failure.
• A return of the load to the curve, indicating only the substrate.
Return behaviour may vary, depending on the failure propagation. The first step is a linear increase up to point A (failure initiation). The failure propagation is very fast and after the complete de-adhesion (point C), the deflection obtained for a given load is the same than those obtained with the substrate alone. The slope of the first part of the curve will be discussed in Section 3.2.
The first part of the experiment consisted of verifying the consistence of this profile with the samples. Fig. 6 shows the curves for one sample and the substrate alone. The increase in load is applied until adherence failure is reached in point A (Fig. 6 ), and then a failure propagation to zone B. Let us note that all the samples presented in this work show this kind of load/deflection curve.
On the deflection curve, the drop in load which allows a return to the curve of solely the substrate coincides with the moment when the adhesive cube is coming off. This drop in load corresponds to the force necessary to obtain an adhesive failure and the deformation of the adhesive cube. The linearity of the sample curve (solid line on the Fig. 6 ) indicates that the elastic yield of the sample is not reached (i.e. both substrate and polymer cube remain elastic). This point was verified by measuring the two parts after crack propagation, as they come back to their original shape. Furthermore, the immediate return to the substrate curve (i.e. points A and C have the same deflection value) indicates that the failure propagation occurs immediately after the initiation. The propagation could be adhesive, cohesive or mixed, depending on the adhesive and its adhesive strength. In this work, it was always adhesive and it is an important characteristic of these 3-point bending tests: adhesive initiation failure was observed on all samples. For the initiation and propagation of the failure on samples with acetone surface treatment, either way the failure is strictly adhesive and it is not possible to distinguish initiation and propagation. For the other surface treatments, all the samples show a circle without adhesive (see the example on Fig. 7 ).
This circle is always at one end of the block of adhesive. All the circles were measured (when possible, i.e. for HCl and silane surface treatment): their average size was about 0.6 ± 0.2 mm 2 .
The initiation area was examined with a transformed Fourier infrared microscope, on a DGEBA/DETA adhesive, silane treatment and substrate thickness 1 mm (Fig. 8) . For simplicity, only the total infra-red absorbance map is represented. The substrate covered by the silane treatment area was recorded as background. According to the scale on the right side of the Fig. 8(b) , the total absorbance is equal to zero when the area is similar to the background area (i.e. without any adhesive layer). In other words, the dark areas represent the substrate with silane treatment. The light area represents the adhesive. It shows clearly that the failure initiation is adhesive (absence of adhesive on the surface of the substrate). The spectra didn't show any adhesive on the initiation surface (represented by the white circle).
Analysis of the adhesive failure initiation has been made also with SEM and EDS on the same sample and was compared with the substrate Fig. 6 . Characteristic curve of the test: sample (thickness 1.6 mm with DGEBA/DETA) and substrate (aluminum 2024). area containing no adhesive. In Fig. 9 , the adhesive failure initiation is surrounded by a white dotted circle. On the left, the picture shows the sample with the back-scattered electrons (BSE) and, on the right, with the secondary electrons (SE). On those pictures, no adhesive can be detected: the observations of the surface in this circular area was similar to the ones achieved on the substrate, where no polymer had been glued. Furthermore, an EDS mapping of the adhesive failure initiation area was realized: the Fig. 11 and the Fig. 10 show the distribution of aluminum and carbon elements on the surface, respectively.
On the Fig. 11 , the adhesive failure initiation doesn't show the presence of the any residue of adhesive but only aluminum (same intensity of aluminum peak than outside the area where was the former epoxy blocks). Moreover, the adhesive failure initiation area doesn't show the element Carbon compared to the adhesive (on the corners of the block), which contains a lot of carbon. The tests do not show adhesive residues but only the substrate signal, as already observed by Bouchet and Roche [17, 25] .
All these observations indicate that the information obtained with the normalized 3-point bending test identify adhesive failure initiation rather than its propagation, as mentioned in standard ISO 14679-1997 and verified by Bouchet et al. [26] . Nevertheless, this area is only discernible through contrast, where adherence is relatively high: in the opposite case, the entire failure propagation tends to be adhesive and not discernible at initiation (as previously described in this paper for samples with acetone surface treatment).
Failure loads results
The results of the study of the test 3-point for different substrate thicknesses are presented in this paragraph. Fig. 12 shows the average of the failure loads measured during the 3-point bending tests, on substrates 1 mm thick, with different types of surface treatments and adhesives.
The DGEBA/DETA polyepoxide system showed that different surface treatments lead to an increase in the failure load (Fig. 12) , from degreasing to HCl etching and then chemical surface modification with silane. This result was expected: the acetone degreasing does not increase the adherence but only prevent the formation in the joint of weak boundary layers. The HCl chemical etching lead to the formation of a new passivation layer [20] , increasing the mechanical anchoring. Finally, the silane leads to the formation of chemical bonds [21, 22] . The ELECOLIT polyepoxide showed that different surface treatments also lead to an increase in the failure load. The same grading of efficiency of different surface treatments as to the involving DEGBA/ DETA polyepoxides can be applied to this system. On the other hand, the DGEBA/DETA system showed lower failure loads than ELECOLIT. It was not possible to conclude here whether the ELECOLIT has a better "intrinsic" adherence on this substrate or not, as it also depends on its Young modulus (and the necessary force to deform the polymer cube). Furthermore, in both systems, the use of silane considerably improves the adherence, which is expected for this type of surface treatment. Fig. 13 shows the average of the failure loads measured in 3-point bending tests for substrates 1.6 mm thick, with different types of surface treatments and adhesives. The observations are the same as with 1 mm thick substrates: the surface treatment with silane is the most efficient, compared with hydrochloric acid etching, and of course with the simple acetone degreasing. The failure loads required for different substrate thicknesses cannot be compared directly: the failure loads for a 1.6 mm thick substrate were higher than for 1 mm, as a part of the failure load is needed to deform the aluminum substrate. Thus, this finding would mean that adherence of an adhesive on a given substrate depends on its thickness, in this test. This key question will be discussed in Section 3.3.
In order to better understand the dispersion in the tests indicated in Figs. 12 and 13 for 1 and 1.6 mm substrate thicknesses, the failure loads (point A, Fig. 6 ) were plotted against failure deflection for different samples in each series, Figs. 14 and 15 for a thickness of 1 mm, and Figs. 16 and 17 for a thickness of 1.6 mm. On these figures, the results obtained with the three types of surface treatment used were plotted on the same curve. It should be recalled that all failure facies were checked and were adhesive ones.
A linear progression of the failure load/flexure couple can be noted in Figs. 14-17: moving along the right, indicated by points of surface treatment, adherence (via failure load) rises linearly with the failure deflection. This was anticipated, since it has already been mentioned that the failure initiation occurs in the area of elastic deformation of the samples (Fig. 6 ). Surface treatment with acetone is always indicated on the far left (the weakest adherence), whereas silane surface treatment is on the right part of the curve, indicating the best adherence level obtained with the tests. This was also expected, since silane surface treatment is known to promote adhesion for epoxies.
In order to understand the linear relationship between the load and the deflection on the curve obtained during the bending tests, bending beam equations have been used on both aluminum substrate and epoxy 
In the case of the 3-point bending tests of this work, two sets of E, I and L are needed for on sample: one for the substrate and one for the epoxy cube. Each of them does not vary when the same adhesive is used for the same substrate thickness.
Consequently, Eq. (1) can be formulated in the following way (Eq. (2)):
Where K represents a constant ratio (K=L 3 /48EI). Thus the load and the deflection are linked and progress in a linear manner: they can be defined as an inalienable couple, which was experimentally proven in Figs. 14-17.
The dispersion around the linear relations between the load and the deflection can be explained by the variations in adherence or in the shape of the samples. The dispersion along the linear relations between the load and the deflection is due only to the variations of "intrinsic" adherence. These variations are due to the substrate surface heterogeneity (chemical composition, initial state of "cleanness"…), poor reproducibility of the treatment itself, the application of the adhesive and, finally, to the adhesive itself. In addition, the dispersions arising from the linear relation between the load and the deflection are due to other geometrical factors. These variations can be due to:
• The silicone mould deforming the adhesive cube.
• Different adhesive cube heights due to a different quantity of adhesive being placed in the mould: a variation of ± 0.3 mm was measured.
Finally, dispersions can also be due to measurement errors in the tests, although these measurements were made with a precision of 3 µm for the deflection and 0.3 N for the load.
On the one hand, the variations in the shape of the samples will greatly affect the slope, indicating the rigidity of the sample, particularly the height h, which increases the second moment of area to the third power. On the other hand, the fillet between the epoxy cube and the substrate was studied on all samples and measured with a radius of 150 µm ( ± 20 µm). Thus the fillet does not seem to have any influence on the dispersion of the results.
Finally, by comparing Figs. 15 and 17, it can be noticed that the difference in failure loads for different surface treatments is less visible when the thickness of the substrate is higher. Thus the thickness of the substrate must be correctly chosen: a thick substrate increases the dispersion and a thin substrate may reach locally plastic yield.
Energy approach
An energy-based approach can also be considered when analysing the results of these tests [18, 26] . This work is focused on the experimental results and on the simplified energy approach proposed. The Euler-Bernoulli beam theory is used for this approach as its simplicity makes it an important tool in mechanical engineering. However this theory has, on the one hand, limitations for beams made of a single material (homogeneous beam) and, on the other hand, is not suitable for multi-component beams. For homogeneous beam, it neglects shear stress and it is valid only for infinitesimal strains and small rotations. In this study, the maximum deflection remains very small (250 micrometres for most of the tests when the distance between the two supports is 35 mm). The validity of these assumptions were verified using finite element (FE) calculations. Failure propagation energy is negligible in the presented system because it occurs instantaneously ( Fig. 6 and Fig. 18 ). The total is the area under the test curve, called W tot (calculated using the Eq. (3)) and can be split in three parts:
• Fig. 18 shows the principle of the energy approach: the total energy (W tot ) and the elastic deformation energy stored in the aluminum due to flexion (W al ) can be easily calculated using the Eq. (3), using the failure force. For this value of the force, the elastic energy of the bended substrate is calculated as well as its deflection (see Fig. 18 ). The classical beam theory (Eq. (4)) gives the necessary force to bend the epoxy block with the same angle of curvature leading to the value of the elastic deformation energy stored into the adhesive block due to flexion (W epoxy ).
Let us note that the Eq. (3) was corrected, leading to the Eq. (5) in order to take into account the smaller size (width: a) of the epoxy block compared to the distance between supporting pins (L). Fig. 17 . Distribution of the couple strength/deflection for the polyepoxy elecolit for the 1.6 mm thick substrate. Fig. 18 . Energy stored into the specimen, split in three parts (elastic deformation stored in the aluminum and in the adhesive block, and the initiation failure energy).
Finally, The initiation failure energy W ( ) adh is deduced from the total energy and the elastic deformation energy stored in the aluminum and epoxy block. Fig. 19 shows the energy of adhesion obtained for the DGEBA/DETA adhesive system with three surface treatments and two thicknesses of the substrate. The adherence energy varies with the nature of the surface treatment but is the same for each treatment whatever the substrate thickness. Fig. 20 shows the energy of adhesion obtained for the ELECOLIT adhesive system with three surface treatments and two thicknesses of the substrate and the same conclusion can be observed: the adherence energy varies with the nature of the surface treatment but is the same for each treatment whatever the substrate thickness is.
The scatter of results seems important as it reaches 20% in some series. Moreover, let us note that the measured initiation energies range between 0.5 and 7 mJ, depending on the surface treatment, which are very low values, difficult to measure. This dispersion, especially with a 1 mm substrate thick, is larger with DGEBA/DETA adhesive than with ELECOLIT.
In order to understand the dispersions, the previous equations and the slopes of the load/deflection curves (Figs. 14-17) were used to calculate the contribution of each element to the total energy.
The Figs. 21 and 22 show the energy repartition for 1 mm and 1.6 mm thick substrates, respectively. First of all, it can be seen that a small increase of deflection leads to a big increase of the total energy. The thicker is the substrate, the more sensible is the total energy to a small variation of deflection. It is now possible to explain the dispersion of either failure load or total energy with such a graph. In addition, it can be seen that the part of the energy dedicated to adhesion failure is the dominant contribution for 1 mm thick substrates whereas it is nearly the smaller part (with the elastic deformation stored in the adhesive block) for 1.6 mm thick substrates. As a conclusion, a thin substrate (but thick enough to stay in its elastic domain) leads to more accurate results for two reasons: small variations in deflection less affect both the total energy and the failure load, and the initiation failure energy (W adh ) is the major part of total energy. This work was focused on the experimental results and on the simplified energy approach proposed. The Euler-Bernoulli beam theory was used for this approach and its validity under the presented experimental conditions was verified using finite element (FE) calculations. Finite element calculations were performed with Cast3m finite element code [http://wwwcast3m.cea.fr]. Because of the geometry with two planes of symmetry, the simulation was carried out only on a quarter of the sample meshed with 8 node cubic elements. Both materials were described by an isotropic elastic mechanical behavior with the following data for aluminum substrate: Young's modulus 68 GPa, poisson's ratio 0.33; for DGEBA/DETA: Young's modulus 3 GPa, Poisson's ratio 0.35; for Elecolit: Young's modulus 1.8 GPa, Poisson's ratio 0.35.
Since the theory used in the proposed analytical energy approach is not suited to heterogeneous beams, we depart from its classical use. So, we have compared the values obtained, i.e. the elastic energy values stored in each beam (aluminum and adhesive) with the values calculated by finite elements. This comparison was achieved for a load corresponding to the average failure load of a given system. We used the ENER operator of the FE Code that calculates the tensorial product of a stress field and a strain field. The result is a scalar field standing for energy density. Then, using the operator INTG, we performed the integration of this energy density in the aluminum substrate and in the adhesive block. Significant differences are noted. For example, for the 1.6 mm substrate bent until a 270 µm deflection is reached, by analytical calculation the elastic deformation energy stored in the aluminum substrate is 9.3 mJ, and the elastic deformation energy stored in the DGEBA/DETA adhesive block due to bending is 3.3 mJ. The values obtained using FE simulations are respectively 10.2 mJ and 5.1 mJ. One the one hand, shear stress is more pronounced in the adhesive block and can explain why the Euler-Bernoulli beam theory leads to an underestimate value; on the other hand, the deformation of the constituents of the heterogeneous beam is slightly different of the one of two separated homogeneous beams. In the case described above, as in the other cases calculated, the total energy W tot is always underestimated by the simplified analytical approach when compared to a 3D FE simulation. In the case described above, this underestimation was shown to reach 20%. As this value is representative of those found in the other simulations, it indeed does show the limits of the simplified energetic analytical approach proposed. However, one should keep in mind its simplicity compared to the 3D FE calculations.
Conclusions
The main advantage of the 3-point bending test is that it ensures initiation of adhesive failure at the adhesive/substrate interface, as it was clearly demonstrated by MEB and micro-infra-red analyses. On the one hand, the initiation of adhesive failure was verified on different systems, with various surface treatments and adhesive formulas. On the other hand, the load in the 3-point bending test depends on the thickness of the substrate. It was therefore not possible to simply compare different thicknesses of the same substrate for a given substrate-adhesive combination, but a new energetic approach led to a separation of the three component of failure energy. It was then possible to compare the adhesive initiation failure energy of systems having various substrate thicknesses.
Analysis of the results of failure load values presented in this study has shown that they are widely dispersed, which can be explained by the differences in adhesive adhesion to the substrate (variation along the straight line) as well as by the difference in the shape of the adhesive cube (variations around the straight line). It was shown that the heights of the polymer cubes are the key parameters in the results dispersion, after adherence.
The study has furthermore shown that, the thinner the substrate, the more accurate the results of the test. The dispersion along the linear relation between force and flexure allows us to distinguish more clearly between different types of surface treatment on thinner substrates.
